Introduction
Block copolymers are comprised of two or multiple blocks of chemically distinct repeat units joined by covalent bonds into a flexible macromolecule. By virtue to the small translational entropy, a minuscule repulsion between unlike blocks gives rise to phase separation. The connectivity of the blocks along the chain molecule prevents the formation of macroscopically extended domains. Instead the different blocks form spatially modulated structures. The symmetry and connectivity of these microphase-separated structures can be controlled by the macromolecular architecture, i.e., the volume fraction f of the blocks, their spatial extension, and their incompatibility, χN [1] . The characteristic spatial dimension of the microphase-separated structure is dictated by the end-to-end distance R e0 of the molecules, and it is of the order of 1-100 nanometers [2] . Therefore, these polymeric materials have attracted abiding interest for templating nanostructures in the context of filtration, catalysis, or microelectronic device manufacturing [3, 4] .
The latter application exploits a combination of extreme UV lithography and block copolymer self-assembly ("block copolymer lithography" [3, 5, 6, 7] ). Extreme UV lithography is employed to fabricate a chemical guiding pattern. In the following we restrict ourselves to a pattern of lines and spaces (L/S). This chemical guiding pattern directs the self-assembly ("directed selfassembly/DSA") of symmetric, lamella-forming AB diblock copolymer in a thin film on top of the chemical L/S guiding pattern. If the lines and spaces of the L/S guiding pattern coincide with the period L 0 of the lamellar structure of the block copolymers in the bulk and if both blocks have similar affinity to the free surface of the film, the copolymer will replicate the L/S guiding pattern and form standing lamellae orientated perpendicular to the film surfaces [8, 9, 10] . The stripe structure of the block copolymer mitigates the line-edge roughness [11, 12] or small imperfections of the guiding pattern. Alternatively the periodicity of the L/S guiding pattern can be a small multiple of the bulk lamellar structure of the copolymer ("density multiplication" [13, 14, 15] ). In this case the copolymer structure will "fill-in" the missing lines and multiply the density of the L/S guiding pattern fabricating a pattern with periodicity of a few tens of nanometers.
Defects in block copolymer lithography refer to localized structures of the copolymer material that deviate from the ideal L/S pattern [16] . The types of defects that are observed in experiments encompass inter alia broken lines or spaces ("micro-bridges"), dislocations and disclinations. The integration of block copolymer lithography into microelectronic device manufacturing poses extreme demands of the areal density of defects -industry standards require that the DSA should result in less than 0.01 defect per square centimeter [17] ! Thermodynamically, such a strict requirement can be fulfilled because the excess free energy ∆F d of a defect exceeds the thermal energy scale k B T by about two orders of magnitude [18] . This large defect free energy can be rationalized as follows: Since a macromolecule in a polymer melt adopts a fractal, random-walk-like conformation, R e0 2 = b 2 (N − 1) where b and N denote the statistical segment length and number of segments, respectively, one molecule interacts with many neighbors. The number of interaction partners,
√N
≡ ρR e0 3 /N ∼ √ N (ρ being the number density of segments), typically adopts large values of the order 10 2 , and the free-energy scale is set by k B T
. Locally the distortion of the internal AB interfaces resembles a grain boundary and the typical grain-boundary free energy scales like γ gb ∼ 0.1k B T
/R e0 2 [19, 20] and the typical defect area is of the order of a few lamellar spacings L 0 times the film thickness
Nevertheless, the fact that a significantly higher defect density has been observed in DSA experiments demonstrates that defects cannot be conceived as equilibrium fluctuations around a perfectly ordered structure [18, 21] . Instead, defects are rather metastable localized structures, into which the system got trapped in the course of structure formation. Therefore it is important to understand and control the kinetics of self-assembly and defect-annihilation mechanisms in the DSA of block copolymer materials. This is a computational challenge because (1) structure formation evolves on the time scale of minutes or hours that are inaccessible to atomistic modeling and (2) the free-energy landscape, which provides a basic ingredient for the understanding of the adiabatic structure formation, is complex.
In this manuscript we use a soft, coarse-grained polymer model [22, 23] that is able to describe the kinetics of structure formation on the pertinent time and length scales. Then we discuss the kinetics of structure formation for pattern replication, i.e., when there is a one-to-one correspondence between the chemical guiding pattern and copolymer structure, and for two-fold density multiplication. We highlight the role of the guiding pattern at the initial stage of selfassembly and the dependence of the free-energy landscape on incompatibility. The manuscript closes with a brief summary and discussion.
Model and simulation technique
The large time and length scales -minutes and micrometer -require the use of highly coarse-grained models, in which a single interaction center (segment) represents several tens of monomeric repeat units of a chemically realistic description. On the length scale of such a highly coarse-grained segment, the macromolecule already adopts its random-walk like statistics and the distances are Gaussian distributed. Therefore we use a discretized Edwards Hamiltonian to model the connectivity along the polymer backbone [22, 24, 23 ]
where the first sum, i = 1, · · · , n runs over all diblock copolymers that are comprised of N = 32 segments. r i (s) denotes the spatial position of the s th segment of polymer i. The molecular density is √N = 128 in all following simulations. Since each coarse-grained segment corresponds to a multitude of monomeric repeat units, their center-of-mass positions may overlap without violating the excluded volume condition for the atomistic constituents. Therefore we describe the non-bonded interactions between coarse-grained segments by soft potentials. The non-bonded interactions represent two relevant interactions: (1) the low compressibility of a dense polymer liquid that stems from the excluded volume of the constituent atoms and (2) the repulsion between A and B segments that gives rise to microphase separation.
where κN = 50 is the dimensionless inverse isothermal compressibility of the dense liquid, and χN denotes the product of Flory-Huggins parameter and number of segments per polymer that parameterizes the incompatibility of the distinct blocks.φ A (r|{r}) denotes the local volume fraction of A segments that depends on the microscopic configuration {r}.
where f = 1/2 is the fraction of A segments. A similar expression holds for the dimensionless B density. In order to numerically evaluate the density, Eq. (3), and the integral in Eq. (2) we use a collocation grid with spacing ∆L ≈ R e0 /6 and use a linear assignment of the particles to the mesh. Measuring the anisotropy of the bonded stress parallel and perpendicular to the lamellae we identified the equilibrium lamellar spacing, L 0 , in the bulk yielding L 0 = 1.68R e0 and 1.58R e0 for χN = 30 and 20, respectively. We consider a thin film with geometry D × L y × L z . Periodic boundary positions are applied in the two lateral directions y and z. The confining substrate at x = 0 and the air/vacuum surface at x = D are represented by hard, impenetrable walls. This is a good approximation because the surface tension of the polymer with air is about an order of magnitude larger than the tension of the internal AB interfaces and, consequently, there is hardly any deformation of the free surface of the polymer film for standing lamellae. Moreover, the limitation of our highly coarse-grained model in representing the narrow polymer-substrate and polymer/air interfaces does not warrant a more detailed modeling of the film surfaces [25] .
We represent the chemical guiding pattern by a short-range potential [26] H s
where f s adopts the value +1 on A-attracting lines of the guiding pattern, 0 on neutral patches of the substrate, and negative values on B-attractive areas. = 0.15R e0 characterizes the perpendicular range of the surface potential and ΛN denotes its selectivity. Since the two blocks of the copolymer are structurally symmetric, they suffer the same entropy loss at the substrate, and we can approximate the surface free energy difference, ∆γ, of the two components by the surface energy difference [27] ∆γR e0
The top surface to air/vacuum is non-preferential in all simulations. We use Smart Monte-Carlo (SMC) updates [28] in conjunction with the Single-Chain-inMean-Field algorithm [29] . The former scheme biases the proposed, local, random displacements of coarse-grained segments according to the strong bonded forces. In conjunction with the soft, non-bonded interactions it results in Rouse-like dynamics [30, 31] . From the single-chain diffusion coefficient D diff we obtain a characteristic time τ = R e0
2 /D diff = 8990 SMC moves per segment. The Single-Chain-in-Mean-Field algorithm is the Monte-Carlo analog of multipletime step algorithm in molecular dynamics simulations [32] and temporarily replaces the weak, non-bonded forces by external, fluctuating fields that are recomputed from the instantaneous microscopic densities, Eq. (3), after each SMC sweep over all segments [22, 29, 33] . This quasiinstantaneous approximation of the pairwise interactions is accurate and quantitatively describes composition fluctuations. Since the molecular conformations are independently updated, our algorithm is well suited for parallel computations. Taking generic values for molten polymers, D diff ≈ 10nm 2 /s and R e0 ≈ 20nm, we obtain an order-of-magnitude estimate τ ≈ 40s. Typically simulations last for 10 5 − 10 6 SMC corresponding to minutes or hours, respectively. The lateral spatial extensions of our system are L y ∼ L z ≈ 10L 0 ≈ 0.3µm, and our systems are comprised of more than 10 6 coarse-grained segments.
The model and simulation technique provides a computationally efficient and realistic description of single-chain dynamics and collective kinetics of structure formation of dense multicomponent polymer melts of low and intermediate molecular weight. The particle dynamics duly accounts for the coupling between molecular conformations, single-chain dynamics and the kinetics of the collective density that is difficult to accomplish in field-theoretic models. Entanglement effects due to the non-crossability of the chain molecules, strong disparities in the segmental mobilities, or hydrodynamic flow, however, are not captured by our simulation technique. The former effects are only thought to be important for large molecular weights or systems with very disparate glass transition temperatures, or at the late stages of structure formation, respectively.
Results
In DSA experiments a mixture of block copolymer and low-molecular-weight co-solvent is spincoated on the patterned substrate and subsequently annealed at elevated temperature. As the solvent evaporates the polymer concentration increases and structure formation begins. Unfortunately, we lack detailed knowledge about the initial state of structure formation within the first τ ≈ 40s. Therefore we crudely represent the experimental procedure by instantaneously quenching a disordered structure, χN = 0, to the final value of the incompatibility χN = 30
The structure formation after this quench can be divided into qualitatively distinct stages:
(i) initial surface-directed spinodal self-assembly: The initial kinetics of collective density fluctuations can be qualitatively described by the dynamic Random-Phase Approximation (RPA) [34] . Since the composition is conserved it follows diffusive Cahn-Hilliard dynamics [35, 36] . In Fourier space the time evolution of the local A-density takes the form
where Λ(q) ∼ R e0 2 g 0 (q)/τ denotes the wave-vector-dependent Onsager coefficient and the Debye function, g 0 (q), characterizes the Gaussian chain structure [37, 38] . The chemical potential µ is comprised of two contributions. The first, bulk contribution is proportional to S(q)φ A (q, t), where S(q) is the RPA structure factor at χN = 30. Since the homogeneous structure is absolutely unstable, S(q) is negative in an interval of wave vectors, resulting in an exponential growth of the concomitant Fourier modes of composition fluctuations ("spinodal self-assembly"). The initial amplitude of composition fluctuations, however, is rather small because the large molecular density, [39] . In this way the chemical guiding pattern directs the structure formation in the initial stage. 1 After a time of order τ , one observes the formation of well-segregated domains, inside of which the local densities of A and B segments adopt their saturation values 0 or 1. At the end of the first stage, the overall structure of the copolymer melt is roughly aligned and registered with the guiding pattern but there may be numerous defects.
√N
(ii) Local defect annihilation and grain formation: The second stage of structure formation consists in the removal of defects. Defects interact through their distortion of the internal AB interfaces away from the perfectly ordered lamellar structure. These long-range strain fields result in the movement of defects. For instance, dislocations with opposite Burgers vectors attract each other and collide [40, 41, 42] . Upon collision they either annihilate each other or they form a tightly bound, metastable dislocation pair. These metastable defects have a protracted lifetime because the free-energy barrier, ∆F b , which has to be overcome in order to remove the metastable defect, scales like
After the local removal of defects, grains of perfectly ordered regions form. This local defect annihilation completes the DSA process because the chemical guiding pattern registers and aligns the grains with the guiding pattern. (iii) Grain coarsening: In the absence of a guiding pattern, grains are characterized by different orientations and meet at grain boundaries. In that case, there exists a third regime, where the grain structure coarsens by the motion of grain boundaries giving rise to universal power-law behaviour of grain growth [43, 44] .
Since we are chiefly interested in the kinetics of DSA we focus on the two initial stages of structure formation in the following.
Pattern replication
First we study the structure formation of a symmetric diblock copolymer on a L/S pattern whose periodicity exactly matches that of the block copolymer in the bulk at χN = 30. We use the film thickness D = 3 4 L 0 = 1.26R e0 to maximally frustrate lying lamellae (sandwich structures). Top-down snapshots and averaged two-dimensional xz density profiles of the copolymer structure at various times are depicted in Figs. 1 and 2 . In accord with previous experiments and simulations [9] and the rationale of the previous section, we observe that the guiding pattern rapidly attracts the corresponding blocks and directs the structure formation into a perfectly ordered and registered structure at the chemically patterned substrate within t = 1000 SMC 1 Alternative one could assume that the initial state of structure formation consisted in a solvent-swollen compatible system, χN = 0, subjected to the interaction with the chemical guiding pattern. In this scenario, the chemical guiding pattern would impose density fluctuations of the form φA(q, t = 0) ∼ h(q)/S0(q) where S0 is the structure factor of the disordered system at χN = 0. These initial density fluctuations would be amplified by the spontaneous structure formation and result in a similar structure evolution, φA(q, t)−φA(q, t = 0) ∼ q 2 g0(q)h(q)t during the initial stage (neglecting the wave-vector dependence of the structure factor around its extremum). For selected examples we have verified that this alternative starting configuration yields very similar results. Two-dimensional density profiles for the same system as in Fig. 1 obtained by averaging along the L/S pattern and over 10 independent simulations. The panels correspond to times t = 1000, 2000, 3000, 4000, 5000, 6000, 8000, and 10000 SMC from top to bottom.
≈ 0.1τ . The enrichment of A segments on top of the A-attracting guiding lines gives rise to a concomitant depletion of A segments further away from the substrate. In the averaged side views this checkerboard structure is clearly visible. It consists of a perfectly ordered and registered lamellar grain at the substrate and a top grain that is shifted by half a lamellar period and contains some defects. The perfectly ordered bottom grain and the misaligned top grain are separated by a horizontal grain boundary. From the side views we observe that this horizontal grain boundary gradually moves upwards, i.e., the perfectly ordered bottom grain growths in thickness whereas the misaligned top grain becomes thinner. This process can be conceived as the wetting of the perfectly ordered and registered bottom grain on the chemically guiding pattern. Note that the strength of the chemical guiding pattern is large. The surface free-energy difference ∆γ in Eq. 5 is much larger than the tension of the internal AB interface, γ AB R e0 2 /k B T √N ≈ χN/6 and therefore even the liquid of segments will wet the corresponding lines of the chemical pattern. The grain boundary tension typically adopts much smaller values [19, 20] . Eventually the misaligned top grain becomes so thin that the shifted stripes break up into spots [9] , and defect-free standing lamellae are established at t = 14000 SMC ≈ 1.1τ .
This initial spontaneous self-assembly is directed by the guiding pattern. During this ideal pattern replication no long-lived metastable defects are formed, and the entire process illustrates the first stage of DSA -surface-directed spinodal self-assembly.
Density multiplication
Instead of merely replicating (and improving) the guiding pattern, sparse guiding patterns have been successfully used to produce structures with a smaller characteristic dimension than the guiding pattern [13] . In this second example we study the same system as before but the guiding pattern comprises only 5 A-attracting lines with width W/L 0 = 1/2 and a period of 2L 0 , i.e., the line density of the guiding pattern is half than that of the copolymer structure in the bulk.
The strength of the A-attracting lines is Λ s N = 2 and the substrate area between the lines ("background") does not exhibit any preference for the segment species, Λ b N = 0. Two-dimensional density profiles for the same system as in Fig. 3 obtained by averaging along the L/S pattern and over 10 independent simulations. The panels correspond to times t = 1000, 2000, 3000, 4000, 5000, 6000, 10000, and 100000 SMC from top to bottom.
The kinetics of structure formation is presented in Figs. 3 and 4 . The guiding pattern directs the initial spinodal self-assembly. Within 1000 SMC a thin A-domain is established on top of the A-attracting guiding line and the diffusion of A segments towards the lines gives rise to a cylindrical depletion zone that is clearly visible in Fig. 4 . Within a molecular relaxation time, τ , a thin, defect-free and registered A-domain is formed on each A-attracting guiding line, and a preference for additional, standing A-lamellae is established on average in the middle between the guiding lines.
In the subsequent course of structure formation the thickness of the defect-free and registered A-domains on the A-attracting guiding line increases and standing A-lamellae are established. On the neutral background, however, the lamellae are riddled with defects forming multiple bridges to the neighboring A-lamellae on top of the guiding lines. Upon annealing, the defect density decreases but some defects are persistent. At t = 300000 SMC ≈ 33τ none of the 10 independent systems formed a defect-free lamellar structure. We annealed two systems for up to 2 · 10 6 SMC ≈ 222τ (see also Fig. 8 ) but tight dislocation pairs and small dislocations remained (cf. last panel of Fig. 3) . This observation provides a clear evidence that these defect structures are metastable and that the thermally activated defect-removal process entails a large free-energy barrier, ∆F b . This is in good agreement with recent self-consistent field calculations studying the minimum free-energy path of defect removal [21] . The equilibrium properties of copolymers on sparse guiding patterns have been carefully investigated by Detcheverry et al [14] and Ramirez-Hernandez and co-workers [15] . Efficiently equilibrating the structures by a sophisticated variety of Monte-Carlo moves -single-bead displacements, reptation, whole-chain translation, and swapping of the two blocks -they observed that a weakly B-attractive background increases the stability of defect-free standing lamellae in comparison to alternate structures, and this finding has been corroborated by experiments [14, 15] . Two-dimensional density profiles for the same system as in Fig. 5 obtained by averaging along the L/S pattern and over 10 independent simulations. The panels correspond to times t = 1000, 2000, 3000, 4000, 5000, 6000, 10000, and 100000 SMC from top to bottom.
In Figs. 5 and 6 we present the kinetics of structure formation on a weakly B-attractive background, Λ b N = −0.2. Qualitatively the structure formation proceeds similar to the situation with a neutral background. However, the averaged side views in Fig. 6 reveal that at the end of the surface-directed spinodal self-assembly, t = 10000 SMC ≈ 1.1τ , the copolymer structure is significantly more symmetric. There is an A-domain on top of the strongly Aattractive guiding lines and a similar A-domain at the top of film between the guiding lines (instead of a weak preference for a standing A-lamella for Λ s N = 0). This more symmetric averaged structure is less prone to form persistent defects. Typically, defects consists in localized connections between neighboring lines ("micro-bridges", cf. penultimate panel of Fig. 5 ) that rather rapidly anneal. 7 out of 10 independent simulations achieved defect-free assembly at t = 200000 SMC ≈ 22τ . The remaining 3 systems featured (i) a micro-bridge, (ii) a partially formed dislocation dipole (see Fig. 7 ), and (iii) a tight dislocation pair (similar to Fig. 8) . The system (i) with the micro-bridge converted into a defect-free structure at time t = 220000 SMC, whereas the system (iii) with the tight dislocation pair still retained the defect at t = 575000 SMC.
The defect annihilation pathway of the system (ii) with a partial dislocation dipole is Figure 7 . Top-down images of the annihilation of a partially formed dislocation dipole on a L/S guiding pattern with 2×density multiplication (same system as in Fig. 5 ). The top-down images illustrate the sequence of structures along the pathway of defect annihilation. The panels correspond to times t = 200000, 388000, 398000, and 404000 SMC. illustrated in Fig. 7 . At t = 200000 SMC there is a dislocation dipole but the lower one of the two A-connections between the A-lamella on the A-attractive line of the guiding pattern and the A-stripe on the weakly B-attractive background is broken at the bottom substrate. Although the dislocation dipole is only partially formed it is quite persistent. At time t = 388000 SMC, however, the two ends of the A-stripe on the weakly B-attractive background join at the neutral top surface, and the second, upper A-connection that bridges across the weakly Battractive background is broken at the bottom substrate. Subsequently, at t = 398000 SMC, the lower A-connection vanishes completely and, finally, at t = 404000 SMC the defect-free lamellar structure is established. This sequential pathway of defect removal, which we observe in our dynamic particle simulations, is very good agreement with our results on defect annihilation mechanisms using the string method in conjunction with self-consistent field theory [21] .
Process-directed self-assembly
Our self-consistent field theory study of defect annihilation mechanisms in thin films of lamellaforming diblock copolymers [21] demonstrated that there exists an interval of incompatibilities, χ ODT N ≈ 10.5 < χN < χN * , between the order-disorder transition (ODT) and a threshold χN * where two conditions are met: (1) The excess free energy of a defect is large compared to the thermal energy scale, ∆F d k B T , and consequently defects are not spontaneously generated in a defect-free structure by thermal fluctuations and (2) the free-energy barrier ∆F b for defect annihilation is comparable to k B T and thus defects are not even metastable but spontaneously annihilate. This interval of incompatibility in the vicinity of the order-disorder transition is very favorable for defect-free directed self-assembly. In the absence of a guiding pattern, the minimum free-energy path calculations predict χN * ≈ 18, and a chemical guiding pattern extends this favorable parameter window to large values of incompatibility.
To test this prediction of mean-field theory by our particle simulations we quench the two structures that formed persistent defects on guiding patterns with 2×density multiplication on a neutral background (see Fig. 3 ) at t = 1.3 · 10 6 SMC ≈ 145τ from χN = 30 to 20. Although there is a significant mismatch of −6% between the half period of the sparse guiding pattern and the bulk lamellar spacing at χN = 20, defects readily annihilated within 30000 SMC ≈ 3.3τ . Reestablishing the original incompatibility χN = 30 at t = 1.33 · 10 6 SMC we observe that the segregation between A and B-domains increases and the line-edge roughness of the AB interfaces decreases but no defects are formed. The system was quenched from a disordered state to χN = 30 far below the ODT, and subsequently annealed for 1.3 · 10 6 SMC. This long annealing did not result in defect freeordering. Then the system was quenched closer to the ODT, χN = 30 → 20. Annealing for only 3 · 10 4 SMC in this DSA-favorable parameter window removed all defects. After increasing the incompatibility back to its original value χN = 30 t t = 1.33·10 6 SMC the structure remains defect-free. The different panels present snapshots at t = 5 · 10 5 , 1.3 · 10 6 , 1.33 · 10 6 , and 1.5 · 10 6 SMC.
Summary and discussion
Using a soft, coarse-grained model of block copolymer melts in conjunction with efficient, parallel simulation techniques we have studied the kinetics of structure formation of lamella-forming copolymer films on chemical guiding patterns. Both the replication of the guiding pattern and two-fold density multiplication have been investigated in the limit of perfect commensurability between the bulk lamellar structure and the L/S guiding pattern. Defect-free pattern replication is driven by the pattern-directed spinodal self-assembly. It is robust and only requires a time, τ , that is comparable to the longest time of conformational relaxation. Density multiplication, in turn, requires significantly longer annealing times at χN = 30, and it sensitively depends on the DSA process parameters. In our simulation study we have illustrated the dependence on incompatibility and strength of the surface interactions. In agreement with experiments and previous simulations that focused on the equilibrium properties [14, 15] , we observe that sparse guiding patterns of A-attractive lines with a background that is weakly attractive to the other species, B, are preferable to neutral backgrounds. Our simulations indicate that such a weak background preference results in a more symmetric structure at the end of the initial pattern-directed spinodal self-assembly (i.e. after a time τ ), and thereby reduces the number of metastable, persistent defects. Our simulations also highlight the benefits of performing the DSA process in the vicinity of the order-disorder transition and thereby corroborate our recent self-consistent field study on defect annihilation mechanisms [21] . The tailoring of the time dependence of thermodynamic process variables ("process-directed self-assembly" [45] ) -here, the incompatibility χN -opens additional opportunities for directing the structure formation in block copolymer systems and has also been found to be a promising strategy for fabricating bicontinuous network structures [46] . This strategy relies on the observation that the free-energy landscape changes with the external thermodynamic process conditions and that pathways of collective structure changes sensitively depend on the structure of the complex free-energy landscape.
In an experiment the incompatibility can be changed by temperature if the Flory-Huggins parameter χ exhibits a significant temperature dependence or by adding a co-solvent. Solvent tempering is a common strategy for defect removal. In the simplest case, the solvent uniformly dilutes the repulsive interactions between unlike segment species [47, 48] . This results in a reduction of the effective incompatibility and, additionally, speeds up the segmental dynamics ("plasticizing effect") and may also alter the equilibrium period of the microphase-separated structure. In an experiment it may be difficult to disentangle these different effect, and our simulation study highlights the specific role of the free-energy landscape.
